Abstract. There is some remarkable progress in laser beam welding of sheet metal which is driven by the advent of improved laser systems and process technologies. Here, potentials for reducing distortion and avoiding hot cracking are highlighted, and examples of current developments are given in the field of thin and thick sheet metal welding including spot welding of difficult-to-weld materials and material combinations.
Introduction
Laser beam welding has been used in industry for more than two decades in a variety of sheet metal applications, ranging from thin foil to heavier sections of typically up to 15 mm. Whilst mainly CO 2 laser were used in the early days, solid state lasers have progressively found acceptance in almost the full breadth of laser welding applications. Recent developments of cw laser beam sources offer unique combinations of high beam quality and high laser power, while pulsed systems offer remarkable pulse shaping and control features which allow for a well controlled welding of difficult-to-weld materials in thinner sections. Both the improved technical features of today's beam sources and an improved level of knowledge and expertise in advanced processing techniques help to overcome the former limitations of laser welding with respect to the selection of materials and thickness and to further reduce the heat input and welding distortion.
Laser joining of thin sheet material
For thin sheet welding, a vast variety of laser processes have been applied, ranging from single pulse spot welding to continuous seam welding. However, many of them use pulsed Nd:YAG lasers. Some of the most remarkable current developments in this field involve pulse forming, which allows to improve the quality of welds by e.g. influencing the melt flow [1, 2] , shadow welding [3, 4] , which uses an elongated single pulse of high power to conduct a continuous seam weld over a length of several millimeters at very high travel speed, and the highly innovative laser droplet welding which uses individual molten droplets for microjoining of difficult-to-weld material combinations with minimal heat input [5, 6] . Steel to steel. Single mode fiber lasers deliver a beam quality of less than 1 mm*mrad from an active fiber core diameter of typically 6-9 µm. Thus the beam can be focused to extremely small dimensions and to very high beam intensities exceeding 10 8 W/cm² which allow for deep penetration welding with high aspect ratio at a laser power of less than 100 W [7] .
Using an IPG YLR-100 single mode fiber laser with an 80 mm focussing optics, overlap joints were welded in stainless steel. At a travel speed of 40 m/min, full penetration was just missed in an overlap joint of three thin sheets (t = 0.1 mm). Due to the excellent beam quality, a deep and narrow weld with parallel edges was produced. This indicates the potential of this new type of system, which enables a very high welding speed particularly in thin section materials. The width of the joints, however, was less than half of the sheet thickness, which may be insufficient for some applications. Steel to copper. For microelectronics applications, combinations of stainless steel and copper were welded in overlap configuration. The thickness of each material was 100 µm. Stainless steel was used as the upper sheet and the laser power of a fiber coupled pulsed YAG system was chosen in order to achieve a minimal melting of the lower sheet. A laser spot diameter of 400 µm was chosen in order to achieve a sufficient joint width. The experiments revealed that good welding results with smooth upper bead and high strength were achieved at high pulse frequency and short pulse duration.
The processing window was limited by insufficient joint width at lower laser power and by the dilution of steel and copper at higher laser power. In Fig. 2 , cross sections are given for samples welded with different laser pulse power. Here, a relatively small effect of the power on the melting depth and width of the lower sheet was observed. Nevertheless, a strong influence of the laser power on the formation of weld defects was found. Fig. 3 compares a sound weld bead achieved at appropriate laser power of 1.3 kW to a high laser power (1.5 kW) result. In the latter case, cracks were observed due to the increased dilution and resulting embrittlement of the weld. a) P P = 1,2 kW b) P P = 1,3 kW c) P P = 1,4 kW d) P P = 1,5 kW Micro tensile tests were conducted with the crack free samples using specimen with parallel edges and a width of 10 mm, resulting in a nominal cross sectional area of each partner of 1 mm².
Fracture of the specimens occurred either in the copper base material in a considerable distance from the weld or in the heat affected zone, Fig. 4 . In both cases, the maximum load was ca. 160 N (cross section 1 mm²), which compares to a strength of 200-260 N/mm² for the copper base material. The reduced strength was attributed to effects of specimen geometry and testing conditions. However, it was concluded from these tests that within the processing envelope of 1.2-1.4 kW, a constant strength level was achieved and that the location of fracture was not to be found within the weld metal. Brittle Materials. By pulse shaping and variation of the pulse sequences, brittle and difficult-toweld materials can be joined. For example, the dissimilar material combination of aluminum and beryllium was welded in earlier studies using high vacuum electron beam welding [5] . Laser welding, however, was considered unsuitable for this material combination. In this case, a Lasag SLS 200 C60 pulsed YAG laser with pulse shaping option was used to weld thin beryllium windows (t = 100 µm) into a stiff aluminum frame (t = 1 mm) in overlap configuration.
A significant influence of pulse parameters and pulse shaping on the process behavior was found, Fig. 5 . In particular, it was possible to avoid cracks by reducing the pulse frequency and significantly increasing the pulse energy. However, by these measures a higher total energy input was unavoidable, introducing larger strains that caused buckling of the thin beryllium window, Advanced Materials Research Vols. 6-8which may again cause imperfections due to gap formation and was therefore considered a certain drawback of this method that requires further work. Welding of γ-TiAl refractory alloys is possible at preheating temperatures exceeding 650 or 750°C when the material becomes ductile [9] . However, preheating of components is often very difficult and thus preferably avoided. For space applications, spot welding of γ-TiAl honeycomb structures was required. Preformed strips of 130 µm thickness had to be welded in overlap configuration. It was found that a single weld pulse of any power, duration and shape resulted in weld cracking if no preheating was applied, Fig. 6 . After preheating to 650 °C, on the contrary, it was possible to obtain sound weld spots. In order to achieve a crack free weld without preheating, it was decided to use sequences of pulses before and after the welding pulse in order to provide a distinct heat and strain cycle. While keeping the laser beam directed at the same spot, most of the pulse parameters including focal position were adapted from pulse to pulse during pre and post heating.
20°C, single pulse 650°C, single pulse 20°C, pulse sequence providing pre-and post heating Using this procedure, a stable process envelope was established which allowed for reproducible crack free spot welding of the thin γ-TiAl material with the required mechanical properties. In a further step, the positioning and welding process was largely automated. Since in honeycomb production all the individual strips have to be pre-placed in a frame before welding, accessibility is limited and an inclined laser beam must be used, resulting in an oval weld spot, Fig. 7 . A considerable number of honeycomb cores with a total of many thousand spot welds have been produced by this method, Fig 7. 200 x 300 mm core structure Detail of weld spot Fig. 7 . 200 x 300 mm core structure made of γ-TiAl, thickness 0.13 mm. Laser welded with a beam angel of 40°, resulting in an oval shape of the weld spot. For crack free welding a sequence of pulses was used providing a stable pre and post heating process
Fluid dynamics aspects in laser welding
Alloying by filler wire. In many welding applications filler wire must be applied in order to change the composition of the weld metal. For example, 6xxx series aluminum alloys are sensitive to hot cracking during welding, which can be overcome by alloying with high silicon wire. A silicon content of at least 2% is generally required. In laser beam welding, the a large fraction of the weld metal originates from fused parent metal, added with a comparatively small amount of filler wire. Hence, wires with high silicon contents of up to 12% are typically used to ensure sufficient alloying. However, experimental observations reveal that a desired homogeneous distribution of silicon throughout the weld metal is not achieved. Moreover, the silicon distribution responds sensitively to deviations in the processing conditions like wire misalignment.
Computational fluid dynamics simulations of the melt flow revealed the strong influence of the wire feeding position on the path of the silicon-rich material [10] . In Fig. 8 , a longitudinal section at the side of the keyhole is shown. It can be observed that the highest velocities of about 500 mm/s for backhand wire feeding appear in the top region of the sheet near the keyhole. This is not surprising, because the keyhole reduces the effective cross sectional area usable for the flow significantly. The magnitude of the velocity is noteworthy, as it is about 10 times higher than the welding speed and 3 times higher than the velocity of the wire. For backhand wire feeding the main stream of the wire has only a moderate vertical velocity component and does not reach the root side of the weld. Near the end of the weld pool a slight upward movement can be observed. Since silicon is introduced into the weld from the top, high silicon concentrations are found mainly above regions with high velocities. In Figure 8 cross section plots of the calculated silicon Advanced Materials Research Vols. 6-8concentration at positions indicated a), b) and c) are given. In positions a) and b) the seam is at least partially liquid, whereas in position c) all of the material is solid. The wire material moves in a rather complex manner through the melt pool and results in a ring shaped concentration distribution inside the solidified material. For backhand wire feeding the concentration distribution shown in Fig. 8c is typical. In the calculations, this type of distribution was found to be insensitive to small deviations of the wire position. It should be noted, however, that the silicon distributions reported here were calculated solely from fluid dynamic effects, and that diffusion effects were not taken into consideration in this work. Hence, steep concentration gradients in the results and high silicon concentrations calculated as artifacts in certain areas. Using forehand wire feeding, the flow field inside the weld pool was changed. As indicated in Fig. 9 the wire material flows down behind the keyhole. The main stream passes through the root of the weld and moves upwards in a steeper angle as in backhand wire feeding technique. Parts of it remain inside the lower weld bead whereas most of the material transported by the main stream solidifies nearer to the top side of the sheet. Another difference to the backhand wire feeding technique is the big eddy that is formed behind the keyhole, which may be responsible for higher fluctuations of the silicon concentration found experimentally.
The element distribution shown in Fig. 9 confirms the conclusions drawn out of the flow field. Parts of the wire material flow down inside the lower weld bead and remain there, whereas the main part of the material solidifies in the upper part of the sheet (Fig. 9c) . Again, it has to be mentioned that these calculations did not take the diffusion effects into account. Magnetic stirring. The use of filler wire can often be avoided if an alloy sensitive to hot cracking is welded to an alloy capable of providing sufficient amounts of alloying elements. In these cases the process must be established in such a way that the required overall concentration in the weld is
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achieved, and that the alloying elements are well distributed into all regions of the weld. The latter requirement is often difficult to fulfil, which may result in severe welding defects. For example, hot cracking led to the separation of the dome and the ring of an aeronautical component as a consequence of insufficient mixing of the two materials, Fig. 10 . One very promising approach to improve the homogeneity of the weld material is stirring of the fused metal by means of magnetic fields. Earlier work had used the influence of constant magnetic fields enhance process stability and affect e.g. seam geometry [11, 12] . In a recent investigation [13] , a focused alternating magnetic field of varied frequency and flux density was applied coaxially during overlap welding of two aluminum sheets separated by a thin layer of copper. During welding, copper was distributed into the weld metal, and a copper-rich region was clearly distinguished in the light microscope from low copper regions in the weld. It was shown that by using alternating magnetic fields both the size and the homogeneity of the diluted region were strongly affected, Fig.  11 . Details are given in [13] .  Within this study, the best results were obtained at the highest investigated flux densities and frequencies. Since no negative influence on weld quality (geometry, upper bead, spatter) were observed, it was concluded that magnetic stirring with alternating fields provides an excellent opportunity to achieve an improved homogeneity in the weld without a major impact on the process behavior itself. Moreover, magnetic stirring offers a high potential to improve the distribution of alloying elements delivered by means of a cold filler wire, and potentially even by means of a hybrid GMA process. 
Distortion aspects in laser welding
One characteristic feature of all fusion welding processes is the resulting distortion, which is generally unavoidable due to the thermal cycle and the resulting stress and strain fields. Distortion
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can be compensated by means of a subsequent local heating of the welded structure. In shipbuilding, for example, buckling of hull and deck structures requires major reworking efforts by flame straightening which can typically be in the order of 15% of the assembly cost of the ship hull, Fig.  12 . Nevertheless, distortion can be minimized by a number of measures including the application of a welding process that introduces a minimal amount of heat into the workpiece, and the careful selection of the welding sequence. Laser beam welding has successfully been introduced in shipbuilding, where it derives its main advantages from a significantly lower line energy compared to conventional arc welding [14] . The angular distortion of typical fillet welds is reduced to an insignificant level which does not normally require considerable straightening even if thin sections are welded.
Assembly
Whenever a continuous seam is not required, the overall heat input can be minimized by reducing the total weld length to the requirements. Furthermore, short welds offer the possibility to optimize the welding sequence with respect to minimal distortion. Scanner welding. The distortion of a flat sheet equipped with a stiffener by overlap welding was investigated using a scanner welding system. Five short welds of 50 mm length were applied with a distance of 18 mm between the welds. Details are given in [15] . It was found that compared to a continuous weld of the same length (similar welding parameters and thus heat input) the distortion was reduced by approx. 20% using the well known back step method, Fig. 13 . This method involves a welding direction of the individual short welds which is directed against the path given by the welding sequence, so that each weld is started on cold material and directed towards the previous weld. This method is particularly suitable for efficient robot guided scanner welding "on-the-fly" [16] , since a robot can easily provide the overall path whilst beam guiding for welding can be done by a small field scanner in the hand of the robot. In contrast, jump strategies involving longer positioning
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paths require a larger scan field for which a stationary scanner system may be more suitable. Such strategies can be significantly more efficient than the back step method, and it is shown in Fig. 13 that the amount of distortion was reduced by more than 50% using a jump technique with long positioning paths. For a heat exchanger component for automotive applications, 85 stainless steel tubes (t = 0.4 mm) had to be welded into a head plate, Fig. 14 . The distance of adjacent tubes was only 0.4 mm, so that welds would overlap on the thin head plate. The welding sequence had to be selected adequately in order to avoid distortion of the head plate, which would have led to excessive gap formation and imperfections. The scanner welding system was capable of welding all 85 joints within 20 seconds, virtually independent of the welding sequence, since positioning times were almost negligible. Conventional welding. While scanner welding offers the unique potential to use an optimized welding sequence without additional cost, welding sequences can also be applied using conventional welding heads and handling devices, at the expense of a significantly higher overall processing time. In Fig. 15 the example of a welded aluminum profile for space applications is given. One requirement was a low longitudinal distortion over a length of 3 m and no angular shrinkage after welding. The problem was solved by choosing a welding sequence as indicated schematically in Fig. 15 and welding parameters resulting in narrow welds with parallel edges in the given 4 mm material. Furthermore, a laser alignment process was conducted after welding in order to compensate for the remaining distortion. 
Laser welding of thick sheet material
Thicker section sheet metal is typically welded using high power CO 2 laser, since to date these have been the only industrial systems in the market capable of delivering the required laser power in the range of 8-15 kW. Shipbuilding and pipe welding are among the well known industrial applications for such systems. These days, however, a new generation of fiber lasers has become available, offering a unique combination of power and beam quality unattained by any other system. For example, the system used at BIAS delivers 10 kW at a wavelength of 1070 nm with less than 12 mm*mrad. An overview of the welding performance of these systems is given in [17] . Additional advantages of the fiber laser technology are the relatively small size, high energetic efficiency and lifetime expectation, which make the systems economically competitive [18] .
A comparison of CO 2 and fiber laser welding is given in Fig. 16 . Butt joints of X70 pipe steel (t = 11.2 mm) were welded in a single pass without filler wire. Both welds were performed at the highest attainable travel speed for which full penetration with and good weld quality free of internal defects could be established. It is evident that the fiber laser produced a narrower weld with more parallel edges than the CO 2 laser weld, which was roughly twice as wide. Moreover, a large difference in the width of the heat affected zone was found. In figures, the fiber laser reached a 20% higher travel speed with 25% less laser power at the workpiece. This equals to a 38% reduction in line energy compared to the CO 2 laser. By further reduction of the travel speed to 1.2 m/min, a thickness of 16 mm was successfully welded. In this case, however, slight undercuts could not be avoided, so that additional filler should be applied.
Out of position welding was already conducted successfully. Due to small seam dimensions, the melt pool remained nearly unaffected. It was concluded that the fiber laser is suitable for all-position welding of pipe steel. The current developments are aiming at the introduction of pipeline girth welding with the high-power fiber laser under field conditions.
Conclusions
• Laser beam welding of sheet metal is in continuous progress. Today, impacts are made by new generations of beam sources and improved understanding of the processes.
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• The distribution of filler metal in the weld is essential in hot crack sensitive alloys. Current research points to solutions based on understanding and influencing the melt flow.
• Scanner welding offers a major potential for reducing the distortion by optimizing the welding sequence.
• In thin sheet metal welding, a major step was taken by the introduction of pulse shaping and control which enables solutions for materials and combinations which could not be welded formerly. Currently, single mode fiber lasers are appearing in a power range well suited for sheet metal welding. Due to their excellent beam quality these systems will push the process limits to very high welding speed.
• In thick section welding, multimode fiber laser systems have already surpassed the performance of CO 2 lasers. They offer a number of advantages, and thus have a tremendous potential for the future.
